Surfactants play a key role in the biotechnological degradation of hydrophobic substrates, however this role is often misunderstood. During the biotransformation of methyl ricinoleate into the aroma compound ␥-decalactone by the yeast Yarrowia lipolytica, a direct contact occurs between the surface of the cells and the small droplets of substrate. The impact of a series of surfactants on this process was investigated. Both ionic surfactants tested were toxic towards the yeast. This effect may be linked to a decrease in the cell membrane integrity. The interfacial area of the emulsion varied according to the non-ionic surfactant used, and this factor was correlated with the productivity of the biotransformation. By evaluating the effect of surfactants on the capacity of the cells to adhere to decane (MATH test), it was shown that the adhesion of methyl ricinoleate on yeast surface is not a rate-limiting point for the process.
Introduction
The yeast Yarrowia lipolytica is particularly adapted to hydrophobic substrates. It is often isolated from oily media and used in many processes such as lipase production [1, 2] , decontamination of diesel-contaminated soils [3] and olive-mill waste waters [4] , production of proteins on alkanes [5] and of aroma compounds [6, 7] . In most of these cases, the substrate is presented to the yeast as an emulsion.
Using mainly bacterial models, some authors have tried to characterise the biphasic media and investigated the microbial growth kinetics in such conditions [8] [9] [10] [11] [12] . Due to the limited solubility of these hydrophobic substrates in water, growth occurs directly on fatty droplets in most of the cases [13] and the uptake can be directly interfacial or surfactant mediated [14, 15] . Some authors have observed surface structures which might be involved in the uptake [16, 17] , structures which might also have an impact on the surface properties of the microorganisms and thus on the adhesion of fatty globules [15, 18, 19] .
Biphasic media are also used in the biotransformation of methyl ricinoleate (a hydroxylated C18-fatty acid methyl ester) into ␥-decalactone, a fruity and creamy aroma compound, by the yeast Y. lipolytica (Fig. 1 ). Many works have dealt with the biotransformation pathway which involves the primary metabolism of ␤-oxidation (these works are reviewed in [6] ). The different steps are now quite well known and recent results highlight the impact of environmental conditions on the biotransformation and on the regulation of ␤-oxidation fluxes [20] . In such a reaction, the interfacial area between the organic and aqueous phases is important not only to favour the access of yeast to substrate but also to extract the produced lactone. It is indeed important to subtract it from the degradation by yeast cells and also to avoid the contact of this compound with cell membranes, contact which can decrease the yields by perturbing the cell integrity [21] . Contrasting with other studies reporting the production of surface-active compounds by Y. lipolytica strains [22, 23] , we have observed no biosurfactant production in the conditions we used for biotransformation but the present strain exhibits surface-active properties [24] resulting in adhesion to methyl ricinoleate droplets [25] . In this study, we investigated the impact of surfactants on the biotransformation. Some of the compounds we tested were toxic towards yeast cells but the surfactants could also modify the yeast surface hydrophobicity and the mean lipid globules size, resulting in an important impact on ␥-decalactone production.
Experimental

Strains, media and culture conditions
Unless otherwise stated, products were from SigmaAldrich (St-Quentin Fallavier, France). The Y. lipolytica W29 (ATCC20460; CLIB89) strain was used in this study. It was grown at 27 • C in 500 ml baffled Erlenmeyer flasks containing 200 ml medium and agitated at 140 rpm. After inoculation with 5 × 10 6 cells/ml, the preculture was carried out in a pH 5.6 adjusted-glucose medium containing per litre: 15 g glucose, 2.5 g NH 4 Cells in late log-phase (19 h) were then washed (6000 g, 5 min) three times in 0.9 g/l NaCl and transferred to the biotransformation medium at an initial concentration of 10 8 cells/ml. This medium was composed of 10 g/l methyl ricinoleate (Stéarinerie Dubois, Boulogne, France), 2.5 g/l NH 4 Cl, 6.7 g/l Yeast Nitrogen Base (YNB) and a surfactant at the specified concentration.
Extraction and analysis
For extraction and analysis, 2 ml samples were removed and extracted with 2 ml diethyl ether by 10 gentle shakings after addition of ␥-undecalactone (internal standard). After 30 min, the ether phase was analysed in a HP6890 gas chromatograph (Agilent Technologies, Lyon, France) with a HP-INNOWax capillary column (Agilent) (30 m×320 m× 0.25 m) with N 2 as a carrier gas at a linear flow rate of 4.3 ml/min. The split injector (split ratio, 7.1:1) temperature was set to 250 • C and that of the FID detector to 300 • C. The oven temperature was programmed to increase from 60 to 145 • C at a rate of 5 • C/min and then at a rate of 2 • C/min to 215 • C.
Yeast viability
Yeast viability was assessed by the method of methylene blue staining. The 500 l of diluted cells were added to 500 l of a methylene blue solution containing per litre: 0.25 g methylene blue, 1 g glucose, 9 g NaCl, 0.42 g KCl, 0.32 g CaCl 2 and 0.2 g NaHCO 3 . After 5 min, the percentage of dead cells (appearing blue) was evaluated by counting a minimum of 300 cells on a Malassez slide.
Medium particle size determination
The size of the yeast cells and of the fatty acid droplets in the medium was evaluated by laser granulometry measurements, as previously described [25] .
Effect of surfactants on cell membrane integrity
The cell membrane integrity was investigated, as proposed by Sá-Correia et al. [26] , by evaluating the passive leakage of amino acids and monitoring the 260 nm absorbing-compounds from the cells [27] . With that aim, cells were recovered and washed with distilled water (5000 g, 5 min, 4 • C) until the absorbance at 260 nm (A 260 ) of the supernatant was inferior to 0.1. The cells were then resuspended in 20 ml of demineralised water, containing the tested surfactant, and incubated on a shaking table (27 • C, 140 rpm). At convenient intervals, 1.4 ml samples were removed and centrifuged (12 000 × g, 5 min, 4 • C), the supernatant was then transferred to a 1 ml cuvette and the absorbance at 260 nm (A 260 ) was determined.
MATH tests
The relative surface hydrophobicity of the cells was evaluated by microbial adhesion to hydrocarbons (MATH), namely decane. Cells taken from the biotransformation media were washed twice (6000 g, 5 min) and resuspended in phosphate buffer (0.1 M, pH 7) to an A 600 of 0.70 ± 0.02. A 5 ml sample of this suspension was added to a glass tube containing 1 ml decane. The tube was gently inverted 10 times and, after 4 min, 2 ml of the aqueous phase were removed and its A 600 was measured. The results are given in percent of bound cells (% bc): where A 0 is the A 600 of the aqueous yeast suspension before mixing and A, after mixing.
Confocal microscopy observations
Yeast cells from the biotransformation medium were immobilised on a polylysine-covered slide and observed with a Leica TCS 4D Confocal Laser Scanning Microscope (CLSM; Leica, Heidelberg, Germany). The fatty droplets coloration was obtained by adding Nile Red into the biotransformation medium, at a final concentration of 8 mg/l (from a stock solution of 4 g/l in acetone). 
Results and discussion
Culture in biphasic media
As shown in Fig. 2 , during growth and biotransformation, contacts occurred between Y. lipolytica cells and methyl ricinoleate droplets, mainly by the adsorption of small fatty droplets on the surface of the cells. According to the granulometric measurements (Fig. 3) , the methyl ricinoleate emulsion contains initially three distinct size populations. As the granulometric size distribution of the cells alone (Gaussian distribution around 5.5 m) corresponded to what was observed using microscope, it can be assumed that the previously observed lipid droplets adhering to the surface of the cells belong mainly to the smallest detected population (around 0.15 m) and in a lesser extent to the intermediary population (2.8 m). Such interactions were observed for the yeast and the pseudomycelial forms of Y. lipolytica present in the medium.
Cell-lipid contacts are very important for the utilisation of hydrophobic substrates by yeast and the intervention of emulsifying agents appears in many cases to be necessary to increase such interactions, we investigated thus the impact of surfactants on the biotransformation.
Impact of several surfactants on cell viability
Five surface-active compounds were used at various concentrations, the non-ionic Tween 80 (sorbitan polyoxyethylenmonooleate), Triton X-100 (t-octylphenoxypolyethoxyethanol) and the saponin from Quillaja saponaria, cetyltrimethylammonium bromide (CTAB) which is cationic and sodium dodecyl sulphate (SDS), an anionic compound. These compounds exhibited various hydrophilic/lipophilic balance (HLB) comprised between 10 and 40 ( Table 1) . As determined by methylene blue staining, there was no viability in the media containing one of the ionic surfactants.
As evaluated by monitoring the A 260 of the supernatant (absorbance due to the passive diffusion of amino acids, nucleotides and nucleosides from the cells [27] ), the compounds tested could influence the cell membrane permeability (Fig. 4) . The release of 260 nm absorbing-compounds was comparable without surfactant or in the presence of Tween 80 and it slightly decreased in the presence of the saponin. However, Triton X-100 favoured the release of compounds from the cells and the A 260 value increased to interfacial surface (m 2 /mL) lactone productivity mg/L.h Fig. 5 . Relationship between the lactone productivity and the interfacial surface area between the aqueous phase and the ricinoleate phase.
2.2 after 10 h compared to 0.6 without surfactant. This toxic action on yeast cells may be linked to the interaction between the surfactants and the cell membranes phospholipids and proteins. It is observed principally with the ionic surfactants: they exhibit, by the presence of their charges, a strong detergent action, denaturing the proteins [28] and, it is shown here that this action takes place independently of their HLB values.
Impact of the surfactants on the emulsion and on biotransformation
The interfacial area between the aqueous phase and methyl ricinoleate (with the surfactants that did not alter the yeast viability), was calculated from the droplets size that was determined by granulometry. The medium without surfactant was not taken as the reference medium for the comparison of the surface values, since the emulsion was instable. The mean interfacial surface area was comprised between 3.2 m 2 /ml for Triton X-100 and around 6 m 2 /ml for Tween 80 (Table 1) . These surfaces were related to the HLB values of the surfactant. The concentration of Triton X-100 had no effect on the emulsion surface whereas there was a positive correlation between the concentration of Tween 80 and the droplet size and a negative one for saponin. The impact of the utilisation of the different surfactants on the production of ␥-decalactone is shown in Table 1 . Except with 0.1% Triton X-100, the presence of surfactants always increases the maximal concentration reached in the medium. The productivity is always higher with surface-active compounds except when the yeast viability is decreased (with Triton X-100).
In Fig. 5 , the relationship between ␥-decalactone initial productivity and the interfacial surface area of the emulsion is presented and, interestingly, a positive correlation between these two parameters is observed. Although transfer between two phases increases with the interfacial area, this does usually not increase the microbial growth on a hydrophobic substrate that is dispersed in small globules because the droplet diameter (related to mass transfer) is more important to favour contact. An increased microbial growth was reported when fatty globules were significantly bigger or smaller than cells and a decreased growth was reported with comparable droplet sizes, since in that case the contact was more difficult [8, 29] . In order to precise the implicated factors, the impact of surfactants on the surface properties of the yeast cells was investigated.
Impact of the surfactants on the yeast cells surface properties
The transfer of fatty acids from the medium to the cell involves, as the first step, the adhesion of fatty droplets to the yeast surface, which requires adequate physico-chemical properties. The yeast surface properties were compared by measuring the adhesion of the cells to decane (MATH test): this was evaluated after growth on a methyl ricinoleate medium prepared with one of the various surfactants (Fig. 6) . With the saponin and with Triton X-100, the percentage of adhesion decreased with increasing concentrations of the surfactants. However, with Tween 80, the adhesion to decane increased showing a higher cell surface hydrophobicity. These data show that there is no correlation between the capacity of the cells to adhere to a hydrophobic substrate and the observed lactone productivity. This suggests that the adhesion between the yeast cells and the emulsified methyl ricinoleate is not rate-limiting in the biotransformation process. The importance of the interfacial area indicates rather that the availability of the substrate in the medium constitutes a limitation for the biotransformation of methyl ricinoleate into ␥-decalactone.
Conclusion
The utilisation of microorganisms as biocatalysts in two phase systems has become of great interest in many biotechnological processes. Such bioconversion or biotransformation media are often complex, the use of surfactants has to be optimised and their role in the medium is not always understood [30, 31] . The purpose of the present study was precisely to investigate the impact of the surfactants inside a biphasic biotransformation medium. It was shown that the added surfactants can have deleterious actions towards the living cells inside the medium, notably by interacting with the cell membranes. Surface-active compounds aimed at increasing the transport rate of substrate into the cell. This transport is related to the specific surface area and to the mass transfer across the cell envelope. We observe in this study that the surface area which can be modified by the presence of surfactants constitutes a key-point in the production process whereas the adhesion of small lipid droplets to the yeast cells surface (involved in the mass transfer), which can also be modified by surfactants, is not rate-limiting.
